Pancreatic ductal adenocarcinoma (PDAC) progression and chemotherapy insensitivity have been associated with aberrant PI3K/mTOR/MEK signalling. However, cell death responses activated by inhibitors of these pathways can differ -contextually varying with tumour genetic background. Here, we demonstrate that combining the dual PI3K/mTOR inhibitor PF5212384 (PF384) and MEK inhibitor PD325901 (PD901) more effectively induces apoptosis compared with either agent alone, independent of KRAS mutational status in PDAC cell lines. Additionally, a non-caspase dependent decrease in cell viability upon PF384 treatment was observed, and may be attributed to autophagy and G0/G1 cell cycle arrest. Using reverse phase protein arrays, we identify key molecular events associated with the conversion of cytostatic responses (elicited by single inhibitor treatments) into a complete cell death response when PF384 and PD901 are combined. This response was also independent of KRAS mutation, occurring in both BxPC3 (KRAS wildtype) and MIA-PaCa-2 (KRAS G12C mutated) cells. In both cell lines, Bim expression increased in response to PF384/PD901 treatment (by 60% and 48%, respectively), while siRNA-mediated silencing of Bim attenuated the apoptosis induced by combination treatment. In parallel, Mcl-1 levels decreased by 36% in BxPC3, and 30% in MIA-PaCa-2 cells. This is consistent with a functional role for Mcl-1, and siRNA-mediated silencing enhanced apoptosis in PF384/PD901-treated MIA-PaCa-2 cells, whilst Mcl-1 overexpression decreased apoptosis induction by 24%. Moreover, a novel role was identified for PDCD4 loss in driving the apoptotic response to PF384/PD901 in BxPC3 and MIAPaCa-2 cell lines. Overall, our data indicates PF384/PD901 co-treatment activates the same apoptotic mechanism in wild-type or KRAS mutant PDAC cells.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) has a global incidence of > 85,000 cases yearly and has one of the poorest prognoses, with an age-standardised 5-year survival of 3.7%. 1, 2 The lack of efficacy of current chemotherapy options (gemcitabine, FOLFIRINOX and Nabpaclitaxel), and the rapid emergence of resistance to these regimens, highlights the need for developing targeted therapeutic strategies for this malignancy. Although this has largely been hampered by the lack of identification of key actionable pathogenic drivers in PDAC, there has recently been progress in understanding the genetic signature of PDAC, which should lead to new therapies. [3] [4] [5] [6] [7] It is well documented that the KRAS gene is mutated iñ 90% of PDAC and is thought to be an early and initiating event, which in combination with cooperative genetic alterations (TP53, CDKN2A and SMAD4) is sufficient to drive the formation of premalignant lesions into PDAC. 8 Ras pathway alterations are common in most cancers and have been identified as important drivers of oncogenesis, for example in high-grade serous ovarian cancers. 9 While a number of pharmacological approaches have sought to block Ras-Raf-MEK-ERK signalling, direct inhibition of the K-Ras protein has been unsuccessful clinically and efforts have instead focused on targeting downstream signalling proteins, such as Raf, MEK and Akt. 10 Targeting Ras signalling via MEK inhibition is a logical strategy but trials have demonstrated no clinical benefit as monotherapy. [11] [12] [13] [14] [15] [16] Many PI3K/Akt/mTOR inhibitors are undergoing clinical development, but their efficacy may be limited by the induction of compensatory pro-oncogenic MEK signalling. [17] [18] [19] Therefore there is a strong rationale for combining inhibitors of both pathways, and a number of preclinical studies have demonstrated improved efficacy by combining either PI3K and/or mTOR inhibitors with a MEK inhibitor in various tumour types. [20] [21] [22] Studies to identify potential molecular biomarkers of response to these agents have largely focused on genomic aberrations in KRAS and PIK3CA. However, these alone do not appear to be absolute predictive markers of response. [23] [24] [25] [26] [27] [28] [29] Defining the cell death pathways activated by these inhibitors may suggest additional response biomarkers. There is preliminary but equivocal evidence that PI3K/mTOR/MEK inhibitor-induced changes in the expression of Bim and Mcl-1 proteins are related to KRAS mutational status. In part the ambiguity surrounding this may relate to specific cancer types. For example, mTOR inhibition has been found to decrease expression of Mcl-1 in colorectal cancer cells, but only when KRAS mutations were present. 30 In comparison, the dual PI3K/mTOR inhibitor BEZ235 had no effect on Mcl-1 expression in PDAC cell lines irrespective of KRAS status, 31 but reduced expression in ovarian cancer cell lines. 32 Additionally, while MEK inhibition is more commonly reported to increase or stabilise expression of Bim, it has also been reported by some to modulate Mcl-1 stability. 30, [32] [33] [34] [35] The synergy observed when PI3K/mTOR/ MEK inhibitors are combined may stem from Bim induction alongside Mcl-1 decrease, but the primary regulators of these alterations may differ due to the cancer type and the inhibitor used. Therefore it is important to understand how specific agents contribute to the induction of cell death in individual cancer types.
Despite clinical evaluation and phase I trial activity, there are currently no licensed indications for dual PI3K/mTOR inhibitors. The induction of compensatory MEK signalling following PI3K/mTOR inhibition provides a strong rationale for combining with MEK inhibitors to enhance therapeutic efficacy. Indeed, a phase 1 trial combining PF5212384 (PF-584, dual PI3K/mTOR inhibitor 36, 37 ) with PD325901 (PD901, non-ATP competitive MEK inhibitor 38 ) has been completed (NCT01347866), although results have not been published thus far. In the present study, we use reverse phase protein array (RPPA) analysis to compare the differential effects, with respect to response and apoptotic signatures, of PF384 and PD901 combination treatment between KRAS mutant and wild-type PDAC cell lines.
Results
We have previously used RPPA analysis to define a biomarker signature for clinical response to AKT inhibition in the context of platinum re-sensitisation. 39 Here, we apply this technology to investigate the response of PDAC cell lines to PF384 and PD901, alone and in combination. BxPC-3 and MIAPaCa-2 cells were treated for 6 hours with vehicle control (DMSO), 1 μM PF384, 0.1 μM PD901 or both drugs in combination, after which whole cell lysates were subject to expression analysis of 214 proteins (Table S1 ). As shown in Figure 1a , the response of a panel of PI3K/mTOR/MEK signalling components to these inhibitors is consistent with their on-target effects, although some cross-regulation of these pathways by these agents was observed. Indicative of Figure 1 . PF384 and PD901 effectively target PI3K and MEK signalling pathways and enhance apoptotic induction when combined. BxPC-3 and MIA-Pa-Ca-2 cells were treated as indicated for 6 hours after which whole cell lysates were processed for a) RPPA analysis, and normalised Log2 median-centred values used to calculate relative expression of PI3K/mTOR/MEK signalling pathway components and b) fold-apoptosis was determined as caspase-3/7 activity normalised to MTT cell viability data. All data shown are the mean ± standard error of the mean (SEM) for 3 independent experiments. *p ≤ 0.05, ****p ≤ 0.0001, one-way ANOVA. CI < 1. p70-S6K were decreased in response to PF384 to similar extents as in BxPC3 cells, with reductions of 50% and 90%, respectively. Again, PD901 had a reduced effect on these signalling components with observed reductions of 20% and 40%, respectively. With respect to inhibition of MEK signalling in MIA-PaCa-2 cells, pT202/Y204 MAPK expression was found to be decreased by 40% following treatment with PD901, but increased 2-fold in response to PF384. Although our data indicates successful inhibition of PI3K/ mTOR by PF384 and MEK signalling by PD901 in BxPC3 and MIA-PaCa-2 cell lines, treatment for 6 hours with these agents induced minimal apoptosis in either cell line (Figure 1b) . By comparison, when PF384 and PD901 were combined, apoptosis was significantly increased compared with single agent responses, to 6.6-fold in BxPC3 cells (p < 0.0001) for which a combination index (CI) of 0.55, indicating synergy, was calculated. In MIA-PaCa-2 cells, the 4.3-fold apoptosis induction measured following co-treatment with PF384 and PD901 was twice that induced by PF384 alone, and significantly higher compared to that induced by PD901 single treatment (p < 0.05) with a CI of 0.86 again indicating synergy. Extending the time of treatment to 24 hours and to additional cell lines, a similar response profile was observed: as shown in Figure 2 , the combination of PF384 and PD901 induced the highest level of apoptosis in a panel of PDAC cell lines (BxPC3, MIA-PaCa-2, Panc-1, and Panc05.04). Relative to that induced by single agent treatments, apoptosis in response to this combination treatment was significantly higher and synergistic (BxPC3 CI = 0.3; MIA-PaCa-2 CI = 0.88; Panc05.04 CI = 0.62) in all but the Panc-1 cell line (CI = 1.17).
In addition to apoptosis, we hypothesised whether the inhibitors used may also affect cell viability or growth via other mechanisms. As shown in Figure 3a , both BxPC3 and MIA-PaCa-2 cells were found to arrest in the G0/G1 phase of the cell cycle in response to 24 hours treatment with PF384, and this was accompanied by a reduction in the Sand G 2 M-phase populations. In response to PD901 treatment for the same time, G0/G1 arrest was also observed in both cell lines, although to a slightly greater extent in MIAPaCa-2 cells. Following co-treatment with PF384 and PD901, the cell cycle populations showed a distribution similar to those obtained following single agent PF384 treatment. Consistent with these findings, reduced BxPC3 (14%) and MIA-PaCa-2 (17%) cell viability was observed after treatment with PF384 for 6 hours ( Figure 3b ). This was decreased by a further 8% when PF384 was combined with PD901. In comparison, PD901 treatment alone minimally affected cell viability. Together this data suggested that growth arrest or non-caspase-associated cell death might result from PF384 treatment. In support of a contribution of non-caspase-associated cell death to PDAC cell line response to PF384 treatment, the decrease in BxPC3 and MIA-PaCa-2 cell viability induced by PF384 or PF384/PD901 was not restored to that of control levels when the cells were pretreated with the pan-caspase inhibitor z.VAD.fmk (100 μM). In fact, when compared to non-caspase inhibited cells, the viability decrease was enhanced -by an average of 19% in BxPC3 cells and 13% in MIA-PaCa-2 cells in the presence of z.VAD.mk ( Figure 3b ). Due to the established role of mTOR in autophagy, we investigated whether activation of this process may account for the above observation. In support of this, the autophagy marker LC3A/B-II was found to be increased in response to the 6 hour treatment with PF384, either alone or in combination with PD901 (Figure 3c ), and .04 cells were treated as indicated for 24 hours after which fold-apoptosis was determined as caspase-3/7 activity normalised to MTT cell viability data. All data shown are the mean ± SEM for 3 independent experiments. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, one-way ANOVA.
CI < 1.
this was accompanied by a concomitant reduction in LC3A/ B-1 expression.
To identify mechanistic drivers of response to combination PI3K/mTOR and MEK inhibition, we mined our proteomic data for alterations, which may account for the apparent synergistic apoptotic phenotype observed on combining PF384 and PD901. For this we also included data from an ovarian cancer cell line, PEA2 (Fig S1, Table S1 ), for comparison between cancer types. The majority of proteins with significantly altered expression under combination treatment conditions were, unsurprisingly, related to PI3K/mTOR/MEK signalling. Excluding these, the pro-apoptotic protein Bim was found to be among the top 5 proteins whose expression was significantly increased in all cell lines in response to PF384/ PD901 (relative to DMSO treated cells). As shown in Figure 4a , Bim expression increased in BxPC3 cells by 56% (p ≤ 0.0001) after treatment with this combination, and although also significantly increased by single agents, this was not by more than 28% (p ≤ 0.0001) for either drug. For MIA-PaCa-2 cells, Bim expression increased by 48% (p ≤ 0.001) after PF384/PD901 treatment, whilst a 38% increase (p ≤ 0.01) was noted in response to PD901 alone. Consistent with this, western blotting found levels of Bim (Bim EL , the predominant isoform was detected using this antibody) to be increased on treatment with PD901 alone or in combination with PF384 in these cell lines ( Figure S1 ). Also noted was a mobility shift of Bim in MIA-Pa-Ca-2, which may represent a change in phosphorylation status. In PEA2 cells, a significant increase in Bim expression of 36% (p ≤ 0.01) was also detected in response to PF384/PD901 co-treatment from the RPPA data. Confirmation of a role for Bim in driving PF384/PD901-induced apoptosis was assessed using siRNA in MIA-PaCa-2 cells as a representative model. As shown in Figure 4b , the silencing of Bim attenuated the apoptosis Figure 3 . PF384 induces G1/G0 cell cycle arrest and decreases cell viability in a non-caspase dependent manner in association with the induction of autophagy. a) BxPC-3 and MIA-Pa-Ca-2 cells were treated as indicated for 24 hours after which they were labelled with propidium iodide and the percentage of cells in each stage of the cell cycle determined by flow cytometry. b) Cells were treated as indicated for 6 hours after which cell viability was determined by MTT assay. Where z.VAD. fmk (100 μM) was used, cells were pre-incubated with this for 1 hour before the addition of other drugs. c) Cells were treated as indicated for 24 hours after which whole cell lysates were assessed for expression of LC3A/B and β-tubulin by western blotting. All data shown are the mean ± SEM for 3 independent experiments. Blots are representative of two biological repeats.
induced in response to PF384/PD901 co-treatment, albeit not significantly.
Bim-induced apoptosis is often associated with a reduction in levels of the anti-apoptotic protein Mcl-1, including in response to PI3K/Akt/mTOR inhibition, 32 and indeed our RPPA data (Figure 4c BxPC3, MIA-PaCa-2 and PEA2 were treated as indicated for 6 hours after which whole cell lysates were processed for RPPA analysis, and normalised Log2 mediancentred values used to calculate relative expression of a) pro-apoptotic Bim and c) anti-apoptotic Mcl-1. All data shown are the mean ± SEM for 3 independent experiments. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, one-way ANOVA. MIA-PaCa-2 cells were transfected with b) non-targeting control (NTC) and Bim siRNA or d) NTC and Mcl-1 siRNA or e) pcDNA3.1-hMCL-1, empty vector and mock transfected for 48 hours, after which they were re-seeded and treated as indicated for 24 hours. Fold-apoptosis was determined as caspase-3/7 activity normalised to MTT cell viability data. All data shown are the mean ± SEM for 3 independent experiments. ****p ≤ 0.0001, one-way ANOVA.
In comparison to previous reports showing that the tumour suppressor PDCD4 is negatively regulated by PI3K and mTOR signalling, 40, 41 our RPPA analysis indicated a down-regulation of~50% (p ≤ 0.001; for all cell lines) in its expression in response to PF384/PD901 co-treatment (Figure 5a ). Although this was not validated by immunoblotting, with levels remaining unchanged in BxPC-3 and MIA-Pa-Ca-2 under all treatment conditions ( Figure S2 ). Despite the paradox, as shown in Figure 5b , siRNA-mediated silencing of PDCD4 significantly increased PF384/PD901-induced apoptosis in MIA-PaCa-2 cells 1.8-fold (p ≤ 0.001), relative to that measured in PF384/ PD901-treated mock-transfected cells.
Discussion
In this study we identify a novel role for PDCD4 in the cell death mechanism activated when PDAC cells are co-treated with the PI3K/mTOR inhibitor PF384 and the MEK inhibitor PD901. Additionally, our data indicates roles for Bim and Mcl-1 in regulating PDAC response to this combination irrespective of KRAS mutation status. Due to the complexity and co-dependency of cancer cell survival networks, it is not surprising that combining inhibitors of these critical signalling nodes achieved a far greater level of tumour cell kill than single agent treatments. While this is reflective of preclinical and clinical studies demonstrating the improved efficacy of combining PI3K and/or mTOR inhibitors with a MEK inhibitor in PDAC, [20] [21] [22] and other cancer types, our study indicates that the mechanism(s) underpinning this may be inhibitor-specific. Defining these may assist in developing theranostic biomarkers for future development of such inhibitors for treating PDAC.
In line with previous studies, our RPPA data confirms a role for Bim and Mcl-1 in the apoptotic pathway induced in response to PI3K/mTOR/MEK co-inhibition. [30] [31] [32] [33] [34] [35] Although in our study this did not differ between KRAS mutant and wildtype PDAC cell lines (and was also the same in the KRAS wild-type ovarian cancer PEA2 cell line), we note some differences with other studies regarding the extent to which each inhibitor affects each protein. Reports of MEK inhibition leading to increased expression and stabilisation of Bim have generally been consistent, across various tumour and inhibitor types, regardless of KRAS mutation status. 30, 32, 34, 35 Consistent with this, we found expression of pro-apoptotic Bim to be increased in both BxPC3 and MIA-PaCa-2 cells in response to PD901. By comparison, the effect of the dual PI3K/mTOR inhibitor on Bim expression can vary between cell types, although this is reportedly not KRAS related. 31, 32 Of interest however, while Venkannagari et al., reported that BEZ235 (another dual PI3K/mTOR inhibitor) treatment increased Bim expression in both KRAS mutant (Panc-1) and wildtype (HS766T) PDAC cell lines, 31 our study found an increase in Bim expression following PF384 treatment only in BxPC3 (KRAS wild-type) cells. This could be extended to a larger panel of cell lines to determine if this is an inhibitor-specific effect, or related to KRAS status.
With regards to Mcl-1 expression, we found it to be decreased in response to PI3K/mTOR inhibition in all cell lines. This is in contrast to studies using other inhibitors which found no effect, 31 or a decrease only in KRAS mutant cells. 30 Although anti-apoptotic Mcl-1 is highly expressed in many cancers including pancreatic tumours 42 and therefore an attractive therapeutic target, it appears that strategies to decrease/inhibit it are cell-type specific, highlighting the importance of defining molecular mechanisms specific to both individual inhibitor and tumour type. Our present study suggests that PF384 may be a useful agent to achieve this in a broad spectrum of PDAC cases. Additionally, our RPPA data also hints that PF384/PD901-induced cell cycle arrest may be related to Mcl-1 downregulation as both KRAS mutant and wild-type PDAC cell lines p27 levels were found to be increased (Table S1 ) and this may parallel a study in colorectal cancer cells in which cell cycle arrest has been associated with elevated p27 levels following Mcl-1 loss. 43 Our RPPA analysis also suggests STAT3, whose inhibition has previously been shown to reduce Mcl-1 levels and induce apoptosis in PDAC cells in vitro, 44 as a possible effector of PI3K/mTOR/MEK-mediated Mcl-1 regulation as in MIA-PaCa-2 cells levels of STAT3 were significantly reduced in response to all treatments (Table S1 ).
Contrary to its role as a tumour suppressor, we found expression of PDCD4 to be downregulated in response to PF384/PD901 treatment. Decreased expression of this protein has widely been correlated with tumour progression and poor Figure 5 . PDCD4 expression decreases in response to PF384/PD901 treatment, and siRNA-mediated silencing identifies a role for it in apoptosis induced by this combination. a) BxPC3, MIA-PaCa-2 and PEA2 cells were treated as indicated for 6 hours after which whole cell lysates were processed for RPPA analysis, and normalised Log2 median-centred values used to calculate relative expression of PDCD4. b) MIA-PaCa-2 cells were transfected with NTC or PDCD4 siRNA, or mock transfected for 48 hours, after which they were re-seeded and treated as indicated for 24 hours. Fold-apoptosis was determined as caspase-3/7 activity normalised to MTT cell viability data. All data shown are the mean ± SEM for 3 independent experiments. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, one-way ANOVA.
outcomes in a range of cancer types, including pancreatic and ovarian, with its tumour suppressive effect being largely attributed to regulating cell cycle progression past G1, as well as apoptosis and autophagy. 41, [45] [46] [47] [48] However, in response to mitogenic signals, PDCD4 can undergo PI3K/Akt/mTOR driven proteasomal degradation [49] [50] [51] and decreased expression of this protein has been associated with chemoresistance. 52 Therefore our data indicating that the siRNA-mediated suppression of PDCD4 increases apoptotic response to PF384/ PD901 treatment was surprising and we speculate this is related to a PI3K-independent and lesser known role for PDCD4 in suppressing pro-caspase-3 translation. 53 Such a role for PDCD4 in driving PI3K/mTOR/MEK inhibitorinduced apoptosis has not previously been reported, and additional studies to establish this role of PDCD4 in our system may clarify its potential as a novel therapeutic target or biomarker in PDAC. For example, the function of PDCD4 may be dependent on levels of interacting proteins such as PRMT5. 54 Alternatively, it is possible that the decreased PDCD4 expression in our RPPA data is the result of increased mir-21 expression: mir-21, an established PDCD4 repressor, 55 can be upregulated by COX-2 56 which we found to be significantly increased in BxPC3 and PEA2 cells treated with PF384 (Table S1 ).
In addition to confirming that a greater apoptotic response is elicited in PDAC cells when the PI3K/mTOR inhibitor PF384 and the MEK inhibitor PD901 are used simultaneously, compared with inhibition of either pathway in isolation, we found that single agent PF384 or PD901 treatment results in G0/G1 cell cycle arrest. This is consistent with previous reports indicating a mechanism of cytostatic response in PDAC cells following PI3K/ mTOR or MEK inhibition. 26, 29, 31, 57, 58 Although this may account for the lack of cell death induced by these agents, our data also suggests autophagy induction in BxPC3 and MIAPaCa-2 cells following PI3K/mTOR inhibition with PF384. The presence of autophagy in pancreatic malignancies has been investigated, although its role in promoting or suppressing tumour cell survival appears to be context dependent. 59 Autophagic responses have previously been associated with PDAC resistance to PI3K/mTOR inhibitors, 60, 61 and our data supports this correlation: the increase in LC3A/B-II observed in response to PF384 was more pronounced in MIA-PaCa-2 cells which showed no apoptotic response to this drug, compared with BxPC3 cells in which a 3-fold increase in apoptosis was measured after 24 hour treatment. Interestingly however, our RPPA data indicated that mTOR expression was reduced by similar levels in both cell lines following PF384 treatment. One possible explanation for this could be the inhibition of an mTOR-independent, PI3K-driven autophagy pathway 62 in BxPC3 cells. Given that viability in both cell lines decreased to similar extents in response to PF384, this appears unlikely however. Alternatively this may be the result of increased FOXO3a levels in PF384 treated-MIA-PaCa-2 cells (Table S1) , which have been shown to drive LC3 expression, 63 or may be related to the incompletely understood association of KRAS mutational status with autophagy induction. 59 However, regardless of differences in autophagic molecular responses, our data indicates activation of this process in both KRAS mutant and wild-type PDAC cell lines in response to PF384.
Although there are important roles for PI3K/Akt/mTOR and Ras/MEK signalling pathways in PDAC progression and chemosensitivity, the most effective method of exploiting these for therapeutic gain remains unclear. A myriad of inhibitors targeting these pathways are available and their efficacy and mechanism of action are likely linked to structure and tumour type. 19, 64 Additionally, the compensatory cross-regulation of these pathways highlights the importance of selecting the right combination, and possibly right sequence, for the right tumour. Our data indicates that in PDAC cell lines, the response to PF384 and PD901 is independent of KRAS status. Although G0/G1 cell cycle arrest and autophagy are induced following PI3K/mTOR inhibition, the conversion of these to a complete cell death response is greatest when both inhibitors are combined and involves the modulation of the Bim/Mcl-1 apoptotic axis. Additionally we suggest a new role for PDCD4 in eliciting cell death in response to this combination of agents. 65 (KRAS wild-type) were obtained from Dr. Simon Langdon (University of Edinburgh, UK). BxPC-3 and PEA2 cells were maintained in RPMI-1640 (Sigma, R5886), and Mia-Pa-Ca-2 and Panc-1 in DMEM (Sigma, D5546), supplemented with 10% fetal calf serum (First Link UK, 02-00-850), 2 mM L-glutamine (Thermo Fisher, 25030-024) and penicillin/streptomycin (50 units/ml and 50 μg/ml respectively; Thermo Fisher, 15070-063). Panc05.04 cells were maintained in RPMI-1640 supplemented with 15% fetal calf serum, plus 2 mM L-glutamine and penicillin/streptomycin. Cells were routinely tested for mycoplasma, and their authenticity confirmed by STR analysis. The PI3K/mTOR inhibitor PF5212384 (PF384) was a gift from Pfizer (UK), the MEK inhibitor PD325901 (PD901) was purchased from Selleck Chemicals (S1036), and the caspase inhibitor Z-VAD-FMK was from R&D (FMK001). All inhibitors were reconstituted in DMSO (Sigma, 276855) and stored at −20°C. Primary antibodies were used according to manufacturers' instructions and their Antibody Registry IDs are as follows: from Cell Signaling Technology anti-LC3-A/B (AB_2137703), anti-Mcl-1 (AB_2281980), anti-Bim (AB_659953) and anti-PDCD4 (AB_2162318); from Sigma anti-β-tubulin (AB_477577). For cell cycle analysis, propidium iodide was purchased from Sigma (P4170) and RNase A was from Qiagen (19101).
Materials and methods

Cell lines and reagents
RPPA analysis
Cells were seeded to 70% confluency and allowed to adhere overnight before being treated with either 1 μM PF384 alone or in combination with 0.1 μM PD901 for 6 hours. Cells were then washed in PBS and RPPA lysis buffer added (1% Triton X-100, 50 mM HEPES pH 7.4, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 100 mM NaF, 10 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 10% glycerol, containing freshly added protease (Roche Applied Science, 04693159001) and phosphatase inhibitors (VWR, EM524628)). Cells were incubated on ice with the buffer for 20 minutes before scraping and centrifuged (14,000 rpm, 10 minutes, 4°C) and the supernatant collected. RPPA assay was performed at the Functional Proteomics RPPA Core Facility at MD Anderson, as previously described. 66 Data provided from the RPPA facility consisted of protein intensity values normalised to the loading control and transformed to linear values (normalised linear) which were used to calculate relative significant fold expression.
Apoptosis and cell viability assays
Cells were seeded at a density of 5000 cells/well in a 96 well plate and allowed to adhere overnight before being treated with inhibitors. When required, cells were treated with the caspase inhibitor Z-VAD-FMK one hour prior to co-treatment with other agents. All treatments were performed at 37°C 5% CO 2 for the durations indicated. Apoptosis was measured by detection of active caspase-3/7 using the Caspase Glo 3/7 assay (Promega, G8090) according to the manufacturer's instructions. Cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays (Sigma, M5655) and as previously described, caspase activity was normalised to viability data for each treatment to correct for cell density and to determine overall apoptosis levels. 67 
Cell cycle analysis
Cells were seeded in 6 well plates to 70% confluency and allowed to adhere overnight before being treated as required. After trypsinisation and harvesting, cells were resuspended in PBS before being fixed in ice cold 90% ethanol. Cells were stored at 4°C overnight or until required. For DNA staining, cells were pelleted and resuspended in 25 μg/ml propidium iodide solution containing 0.4 μg/ml RNase A and incubated at 37°C for 1.5 hours. Analysis was performed using a FACSCalibur Flow Cytometer (BD Biosciences) and data processed using FlowJo software (FlowJo, LLC).
Immunoblotting
Cells were seeded in 6 well plates to approximately 70% confluency and allowed to adhere overnight before being subject to the appropriate treatment for the indicated duration. Cells were then trypsinised and together with the residual medium were pelleted before being washed in ice cold PBS, and final cell pellet resuspended in RIPA Lysis buffer (Santa Cruz, sc-24948) according to the manufacturer's instructions. An equal quantity of the cleared protein lysate was then subject to western blotting as described previously. 67 
siRNA-mediated gene silencing
Cells were seeded in 6 well plates to 50-60% confluency and allowed to adhere overnight before being transfected with 100 nM final concentration siRNA (GE Healthcare, L-004383-00, L-004501-00, L-004438-00, equivalent non-targeting siRNA control (GE Healthcare, D-001810-10-05) or transfection reagent alone. Transfections were carried out using DharmaFECT1 (GE Healthcare, T-2001) as per manufacturer instructions. 48 hours post-transfection, cells were trypsinised and reseeded into 96 well plates and left to adhere overnight prior to inhibitor treatment and subsequent apoptosis and viability assays.
Mcl-1 overexpression
The vector pcDNA3.1 containing the MCL1 gene (pcDNA3.1-hMCL-1 Addgene plasmid #25375) and control vector pcDNA3.1: hygro(+) (Thermo Fisher, V87020) were amplified in bacterial cells (Bioline, BIO-85027) and purified using a plasmid purification kit (Qiagen, 12162). These were then transfected into cells, seeded in 6 well plates to 50-60% confluency and allowed to adhere overnight, using Effectene transfection reagent (Qiagen, 301425), according to manufacturer instructions. 24 hours post-transfection, cells were trypsinised and reseeded into 96 well plates for inhibitor treatment and subsequent apoptosis and viability assays.
Statistical and combination index analysis
Statistical analysis and data visualisation were performed using GraphPad Prism 6 (GraphPad). Combination indices (CI) were calculated using the response additivity model 68 with CI = (effect of drug A + effect of drug B)/(effect of combination treatment). Where CI< 1, a greater effect than an expected additive effect is indicated.
